A new cellulolytic, thermophilic species of the genus Clostridium isolated from camel feces, compost, soil, and a hot spring is described. The cells are strictly anaerobic, gram-negative, endospore-forming rods that are 0.4 to 0.7 pm wide and 2.0 to 8.0 pm long. The optimum growth temperature is about 6OOC. Cellulose, cellobiose, and a wide variety of carbohydrates are fermented, and the major fermentation products are carbon dioxide, hydrogen, ethanol, and acetic, butyric, and lactic acids. Hydrogen sulfide also is produced. The guanine-pluscytosine content of the deoxyribonucleic acid is 36.7 to 37.8 mol%. The name Clostridium thermocopriae sp. nov. is proposed for this species; the type strain is strain JT3-3 (= IAM 13577).
We reported previously that six strains of cellulolytic, thermophilic clostridia were isolated from camel feces, compost of cattle feces and grass, soil, and a hot spring in Japan; these organisms grow at 6O"C, digest cellulose, and produce extracellular cellulase (Jin and Toda, Abstr. Annu. Meet. SOC. Ferment. Technol. Jpn. 1987, p. 134) . In this report we describe the characteristics of these six strains and propose that they constitute a new species, Clostridium thermocopriae.
MATERIALS AND METHODS
Media and culture techniques. The culture medium used was CM3 medium (10) with the following modifications: K,HPO,, 4.4 g; urea, 1.5 g; (NH,),SO,, 0.4 g; MgSO, 7H20, 0.5 g; CaC1, H,O, 0.05 g; FeSO,, 1 mg; cysteine monohydrochloride monohydrate, 1 g; yeast extract (Difco Laboratories), 6 g; 3-(N-morpholino)propanesulfonic acid (MOPS), 20 g; cellobiose or cellulose MN300, 10 g; distilled water, 1 liter. The initial pH was adjusted to 7.1.
The basal medium used for the taxonomic study was PY broth (1, 8) containing (per 1,000 ml of distilled water) 5.0 g of peptone (Difco), 5.0 g of Trypticase (BBL Microbiology Systems), 10.0 g of yeast extract (Difco), 4.0 ml of a resazurin solution (0.025%), 40 ml of a salts solution, 10 ml of a hemin solution, 0.2 mi of a vitamin K, solution, and 0.5 g of cysteine hydrochloride.
The salts solution contained 0.2 g of CaCl, (anhydrous), NaHCO,, and 2.0 g of NaC1. The CaCl, and MgSO, were dissolved in 300 ml of water, and the remaining salts were added. After the salts were dissolved, 200 ml of distilled water was added. To make the hemin solution, 0.05 g of hemin was dissolved in 1 ml of 1 N NaOH; this preparation was diluted to 100 ml with distilled water and then sterilized at 121°C for 15 min. The vitamin solution contained 0.15 ml of vitamin K, dissolved in 30 ml of 95% ethanol. The anaerobic techniques of Hungate (2) were used throughout this study.
Deoxyribonucleic acid (DNA) was isolated by the method of Saito and Miura (7) .
The DNA guanine-plus-cytosine content was estimated from the thermal denaturation temperature (4). The reference DNA used was Escherichia coli K-12 DNA. The thermal denaturation temperature was the temperature which produced a 50% increase in hyperchromicity at 260 nm. The guanine-plus-cytosine content was calculated by using the equation of Marmur and Doty (4) .
Volatile fatty acid products were measured with an Hitachi model 263-50 FID gas chromatograph. The column was packed with Unisole F-200 in a glass tube (3 mm [inside diameter] by 2 m); the air pressure was 1 kglcm2; the carrier gas was N, (35 mumin); the combustion gas was H, (35 ml/ min); the injection temperature was 155°C; the column temperature was 140°C; and the sample (8) size was 1 pl.
Lactic acid also was measured by gas chromatography. A 1-ml portion of a culture was mixed with 0.2 ml of 50% H2S04 and 1 ml of 14% BF, in methanol. The mixture was incubated at 37°C for 20 h. Then 1 ml of water and 0.5 ml of chloroform were added, and the tube was tightly stoppered and gently inverted about 20 times. The chloroform layer was removed, and 1 pl was chromatographed under the same conditions as those used for the volatile fatty acid analysis.
Ethanol was also measured with a Hitachi model 263-50 FID gas chromatograph equipped with a glass tube (3 mm [inside diameter] by 2 m) that was packed with Gaskuropack 54; the injection temperature was 220°C; the column temperature was 200°C; the carrier gas was N, (35 mumin); the combustion gas was H, (35 ml/min).
The Gram reaction was determined by the method of Hucker (8) .
Hydrogen sulfide production, esculin hydrolysis, indole production, gelatin digestion, the milk reaction, carbohydrate reduction and acid production, and starch hydrolysis were all determined by the general characterization methods described by Smibert and Krieg (8) and by methods described in Bergey's Manual of Systematic Bacteriology, vol.
(9).
Hydrogen sulfide production was tested with lead acetate filter paper (8) . With a syringe the gas in a culture tube was flowed onto a drying filter paper strip which had been soaked in a solution containing 10% lead acetate and 0.5 N NaOH.
Esculin hydrolysis was determined in 1% cellobiose culture medium or in PY l % cellobiose medium, each containing 0.01% esculin. After incubation at 55 to 60°C for 2 to 4 days, hydrolysis was tested with 0.05% ferric ammonium citrate.
Indole production was tested with Kovacs reagent (8) in broth containing 1% tryptone, salts solution, hemin solution, vitamin K, solution, and cysteine. Gelatin digestion was tested in PY medium containing 1% cellobiose and 10% gelatin. After incubation at 55 to 60°C for 3 weeks, cultures were cooled to 4°C to test for liquefaction.
Curd formation or peptonization of 10% skim milk (Difco) was determined after incubation at 55 to 60°C for 1 to 3 weeks.
Starch hydrolysis was tested on 0.2% soluble starch agar after anaerobic incubation at 55 to 60°C for 3 days by flooding the plate with an iodine solution.
Acid production was tested in PY medium containing carbohydrates at concentrations of 1%; these preparations were incubated at 55 to 60°C for 4 days. A pH below 5.5 and at least 0.5-pH unit below the pH of the control PY basal medium culture was considered a positive reaction. A pH of 5.5 to 5.9 and at least 0.3-pH unit below the pH of the PY culture control was considered a weak reaction (1).
RESULTS AND DISCUSSION
The six newly isolated strains are obligately anaerobic, sporeforming bacteria with characteristics consistent with those of the genus Clostridium. These bacteria are obligate thermophiles and degrade cellulose but are different from other thermophilic cellulolytic clostridia (3, 5, 6). All of the new strains utilize cellulose, cellobiose, glucose, fructose, and other carbohydrates, produce (per 100 ml of culture) 0.8 to 4.1 meq of butyric acid, 0.3 to 1.7 meq of acetic acid, less than 0.8 meq of lactic acid, and 2 to 5 meq of ethanol in 1% cellobiose medium, and produce hydrogen sulfide. Two previously described species of the genus Clostridium are cellulolytic and thermophilic Clostridium thermocellum ( 5 , 6) and Clostridium stercorurium (3).
C . thermocellum is gram negative with terminal endospores and has an optimum temperature for growth of about 60°C. This species utilizes cellulose and cellobiose, and the guanine-plus-cytosine content of its DNA is 38 to 39 mol%. However, this species does not produce butyric acid and hydrogen sulfide, does not hydrolyze starch, and does not utilize fructose and xylan, which clearly differentiates it (5, 6) from our strains.
C. stercorarium has an optimum temperature of about 65°C and utilizes cellulose, xylan, starch, and variety of carbohydrates. The guanine-plus-cytosine content of its DNA is 39 mol%. However, this species does not produce butyric acid and hydrogen sulfide and does not utilize fructose, and the milk reaction of this organism is negative, which clearly differentiates it (3) from our strains.
Unlike C. thermocellum and C. stercorarium, the new strains produce butyric acid and hydrogen sulfide and ferment fructose. Therefore, they should be considered a new species in the genus Clostridium. For these strains, we propose the name Clostridium thermocopriue sp. nov.. Clostridium thermocopriue sp. nov. (ther. mo. co' pri.ae. Gr.n. thermos, heat; Gr.n. kupriu, compost; M.L. gen.n. thermocopriae of heat compost). Straight rods, 0.4 to 0.7 pm wide by 2.0 to 8.0 Fm long (type strain, 0.5 to 0.7 by 2.2 to 6.0 pm) in PY medium containing 1% cellobiose after growth for 18 h at 55 to 60°C. These organisms produce terminal spherical endospores (diameter, 1.2 to 1.6 km) which swell the cells. Gram negative. Colonies on cellulose agar medium are smooth and 1 to 2 mm in diameter and have clear zones Table 1 ). The pH of modified CM3 broth supplemented with cellobiose is 4.9 to 5.3 after incubation for 2 days. The type strain and four other strains utilize arabinose, lactose, and trehalose. The type strain and three other strains utilize glycogen and amygdalin. Melibiose and mannitol are not utilized. In the fermentation of carbohydrates, carbon dioxide, hydrogen, ethanol, and acetic, butyric, and lactic acids are produced, but propionic and valeric acids are not produced. The guanine-plus-cytosine content of the DNA is 36.7 to 37.8 mol% (type strain, 37.2 mol%). Isolated from camel feces, compost, soil, and a hot spring in Japan ( Table 2 ). The type strain is strain JT3-3 (=IAM 13577) (Fig. 1 ).
